When CO 2 injected into the unmineable coal seam, complicated binary gas CH 4 -CO 2 coal interactions affect coal porosity and permeability, which is one of the bottleneck scientific issues faced in enhancing production of coalbed methane and the geological sequestration of carbon dioxide. The issue is addressed through the development and application of a novel fully coupled coal deformation, gas transport and gas adsorption/desorption finite element (FE) model with COMSOL Multiphysics. The COMSOL FE model considers the combined net effects on coal permeability among the coal matrix swelling/shrinking due to gas displacement, pore pressure and in-situ stress. These combined effects are quantified through solving a set of coupled field equations which govern the coal deformation, prescribe the transport and interaction of gas flow in a similar way to poroelastic theory, and define CH 4 -CO 2 counter diffusion and flow in a coal seam. Numerical models were verified with the experiment data. The established COMSOL FE simulator was applied to simulate the CO 2 injection performance in Qinshui Basin field under in-situ size and conditions, to address in-situ spatial-temporal evolutions of coal deformation and permeability. Simulation results suggest that net change of coal permeability accompanying binary gas dispersion is controlled competitively by the influence of effective stresses and differential swelling of coal. 1.75×10 4 t CO 2 can be sequestrated in 300×300 m 2 area of Qinshui Basin within 10 years. During the simulation, coalbed methane recovery was promoted by 1.44 times.
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Introduction
CO 2 sequestration in deep unminable coal seam is a potential management option for greenhouse gas emissions, reducing the risk of CO 2 migration to the surface and meanwhile enhancing coalbed methane recovery (ECBM) [1] [2] [3] .. CO 2 ECBM is complex multi geophysical-chemical processes, which has challenged scientists greatly to the research on the sequestration mechanism. Firstly, it is well-known [4] that coal has huge adsorption capacity for CO 2 . Early laboratory isotherm measurements for pure gases have demonstrated that coal can absorb approximately twice to ten times as much CO 2 by volume as methane. This observation suggests that stronger affinity of CO 2 to the coal could initiate a mechanism of displacement of the originally in-place CH 4 , when CO 2 is immigrated to the coalbed environment. One of the technical obstacles faced in this technology is that CO 2 can cause a greater degree of coal matrix swelling compared to methane in response to CO 2 injecting [5] [6] [7] , so differential swelling is caused by an excess strain produced by CO 2 over CH 4 , which will partially block the cleat system in coal medium and have consequences in terms of permeability loss, with severe impact on CO 2 injectivity and CH 4 production rate [8] [9] . This phenomenon would have a serious implication for the performance and implementation of CO 2 sequestration project, especially for permeability and CO 2 injectivity change. Andreas Busch [10] conducted an experiment to study the effects of grain sizes on the adsorption and desorption kinetics of CO 2 and CH 4 on a high volatile bituminous Pennsylvanian coal, and found that adsorption rates decreased with increasing grain size for all experimental conditions. In 2007, Basanta Kumar Prusty [11] carried out an experimental study using coal samples from different coal seams to investigate the ability of CO 2 -ECBM and the effects of coal types on preferential sorption behavior. More recently, another experimental effort has been made to measure the differential swelling effect of CO 2 /CH 4 on the macromolecular structure and to theoretically translate that effect in terms of porosity and permeability, where the real time permeability measurements were done to see the true effect of differential strain from CH 4 saturated coal core flooding experiments [12] . J. Denis et al. [13] contributed three-dimensional strain distribution in confined coal at microstructural level using high resolution X-ray computerized tomography data and image analysis to quantify the interactions of carbon dioxide with unconfined coal induced swelling. In these experiments, the overburden was set up to be constant or the boundary is unconfined.
Different approach related with the permeability models, sorption isotherm and the potential influence of gas sorption on coal mechanical properties change was researched recently. For example, L.J. Pekot [7] used two different permeability models (one was developed by the Advanced Resources International, the other was published by Palmer and Mansoori) to describe their effects on CO 2 -ECBM performance. Zhejun Pan and Luke D. Connell [14] presented a simulation work using three different sorption models, named Extended Langmuir model (ELM), the Ideal Adsorbed Solution (IAS) model and the TwoDimensional Equation of State (2D EOS) model to investigate the accuracy of the gas adsorption model comparing with the experimental adsorption data; moreover. John W. Larsen and F. Y. Wang [15, 16] investigated the weakening and plasticization phenomena of coal mechanical properties, e.g. its softening temperature and its Young's elastic modulus, possibly over the long time horizon of CO 2 storage due to coal uptake. The influence of gravity on CO 2 sequestration was investigated by Josh-Qiang Xu [17] . There is not mention about the coal deformation impact induced by gas absorption and desorption.
X.R Wei [18] presented an alternative model of multicomponent gas diffusion and flow in bulk coals, focusing on CH 4 -CO 2 counter-diffusion associated with CO 2 -ECBM recovery, which was developed based on the bidisperse diffusion mechanism and the Maxwell-Stefan (MS) diffusion theory. Ebrahim Fathi [19] further investigated the effects of counter-diffusion and competitive adsorption on CO 2 injection and coalbed methane production, and one-dimensional theoretical framework suitable for a fundamental level investigation of binary gas storage and transport in coal seams considering a serial multi-continuum porous medium with triple porosity and dual permeability, focusing on the mass exchange and the interaction of micropores, marcopores and fractures. However, most approaches are based on two simplifying assumptions: uniaxial strain and constant vertical stress, which means that all of them are not suitable for modeling the problems with variable total stress conditions. L.D. Connell et al. [20] has considered the role of coupled flow and geomechanical processes in the simulation of enhanced coalbed methane because of the sensitivity of coal permeability to the effective stress and the strain associated with gas adsorption or desorption (sorption strain), but the influence of CH 4 -CO 2 counterdiffusion was not taken into consideration in this study.
The CO 2 injectivity, as one of the most important parameters for CO 2 sequestration, has been investigated from several different approaches. Ji-Quan Shi [8] presented one reservoir simulation study focusing on the impact of matrix shrinkage and swelling on ECBM production and CO 2 injectivity. This issue with a focus on the influence of the components of the injection gas was further studied by Sevket Durucan and Ji-Quan Shi [21] . They concluded that the presence of the nitrogen component is capable of improving the efficiency of enhanced methane recovery significantly over pure CO 2 injection. Fokker [9] carried out a parametric study on the sensitivity of parameters on injectivity, and concluded that the permeability, the fracture conductivity and the cleat system porosity are the most sensitive parameters influencing the CO 2 injectivity.
Based on the literature review as presented above, it is concluded that although the influence of gas sorption-induced coal deformation on porosity and permeability has been widely studied, these studies are all under the invariant total stress condition. According to the principle of effective stress, the induced coal deformation is determined by the change in effective stress, which can be replaced by the change in pore pressure, under the assumption of null change in total stress. This is why terms representing effective stress or total stress are absent in all of these existing permeability models. the gas flow, and the resultant deformation in a coal seam. In this work, the general porosity and permeability model was established to represent the interactions between binary gas flow and coal deformation, and implemented into a fully coupled coal deformation, CO 2 flow and transport under variable stress conditions. The novel coupled coal deformation and binary gas flow was applied on a field scale to quantify the mechanical responses of coal seam to the CO 2 injection under in situ stress conditions.
Multiphysics coupling model Characterization
In the following, a set of governing equations for gas adsorption, coal deformation and gas transport are defined. These derivations are based on the following assumptions:
Coal is homogeneous, isotropic and elastic continuum. Conditions are isothermal. Strains are much smaller than the length scale. Gas contained within the pores is ideal, and its viscosity is constant under isothermal conditions. Gas flow through the coal matrix is assumed to be viscous flow obeying Darcy's law (water phase is not included in the model).
Binary Gas Adsorption
Langmuir isotherm is derived from both kinetic and statistical mechanical points of view, which has been extensively considered the non-linear adsorption process, the adsorption equation is developed into:
Where a is the Langmuir equilibrium constant, which describes the partitioning of adsorbate molecules between the adsorption sites and the free unassociated state and V 0 represents the maximum number of sites available for the adsorbing molecules (adsorption capacity). Some other equations have been based on pore filling theory, such as Dubinin-Astakhov equation. However, due to the simplicity and well accordance with lots of experimental data, the Langmuir adsorption isotherm is more widely used in scientific research than others. The above cases are based on the single gas system and not available for binary or multi-component systems, so the extended Langmuir model is developed to meet the requirement, especially for CO 2 replacing methane case. The extended Langmuir equation becomes:
Where subscripts i and j refer to the gas components, is the concentration of gas k, N is the number of gas components.
Coal Deformation
The coal matrix shrinks when CH 4 desorbs from coal matrix and it swells when CO 2 absorbs at the coal matrix. When CO 2 is injected into coal initially saturated with CH 4 , the composition of CO 2 and CH 4 in the coal matrix changes with time. Under this situation, both CO 2 and CH 4 would have a significant influence on the coal deformation especially for porosity change. The gas transport would cause significant effective stress change, which could dramatically influence the coal matrix deformation. Moreover, different boundary conditions and different overburden loads would also cause totally distinctive change characteristics of deformation parameters, such as porosity. The mechanical property change of coal would in turn affect the gas transport process. This is a typical fully coupled coal deformation and gas transport system.
According to the assumption, the strain-displacement relation is defined as
The equilibrium equation is defined as
Where ij is the component of the total strain tensor, i u is the component of the displacement, ij denotes the component of the total stress tensor and i f denotes the component of the body force. The gas sorption-induced strain s is presumed to result in volumetric strain only. Many experiments [22, 23] have proved that the adsorption of mixture gases fit the extended Langmuir isotherm equation. By analogy with this equation for gas mixture adsorption, the volumetric strain caused by sorption at any composition and pressure due to each gas species can be computed with a relationship of the form of Eq. 5. The relationship is based on the components of the gas within the porosity system because sorptioninduced strain is caused by adsorbed-gas content. The total sorption-induced strain is determined by summing the strains caused by each gas species, as Eq. 6 indicates.
Where, the subscripts 1 and 2 represent CH 4 and CO 2 gas respectively, s is the total sorption-induced strain, ' k b represents the Langmuir pressure constant for component k, k represents the gas k volumetric strain at infinite pressure component, k C is the concentration of gas k, R and T are the universal gas constant and absolute temperature. Taking into account of the influence of the sorption-induced strain [24, 25, 26] , the constitutive relation for the deformed coal seam becomes
where K represents the bulk modulus of coal and s K represents the bulk modulus of coal grains, G is the shear modulus of coal, E is Young's modulus of coal and is Possion's ratio of coal. is defined as the Biot coefficient, ij is the Kronecker delta.
Because both gases are considered as ideal gas, the pore pressure p is linearly related with fractional concentrations of 1 C and 2 C and can be expressed as a function of gas concentrations. Combination of equations (3) ~ (7) and the ideal gas equations yields the Navier-type equation expressed as , ,
The both terms on the left side are expressions for coal deformation by using displacement form; the first and third terms on the right side represent the effects of pore pressure; the second and fourth terms on the right side reflect the influence of gas absorption on coal deformation and the last represents the body force of the porous medium system.
Binary Gas Transpor
The mass balance involves the following transient equations for the free and absorbed gas amounts, where adsorption of free gas in the matrix and desorption is represented by a finite interchange between free and adsorbed gas. The mass balance equation can be expressed using convection and diffusion application mode for conservative case.
Where m is the gas content including free-phase gas and absorbed gas. According to the extended Langmuir adsorption equation, the adsorbed gas mass expression for binary gas system can be written into (10) v is the vector of Darcy velocity; g is the gas density; s Q is the gas source or sink; D is the dispersion
Where 0 D is the coefficient of molecular diffusion, is the dynamic dispersivity. The porosity model developed by Hongbin et al. [24] proves that porosity is a function pore pressure, gas absorption induced strain and overburden load. If the initial porosity is 0 at initial CH 4 concentration value and the initial volumetric strain is zero, the porosity can be expressed as The relation between porosity and permeability used in this paper obeying the cubic relation [27, 28] , which is:
Combining equations (9) through (13) yields the transport equations for CH 4 and CO 2 ,
' ' 2 2 2 2 2
respectively. Where
In above equations, k is the permeability, the dynamic viscosity of the gas. The first term on the left side and both terms on the right side of Equations (14) and (15) represent the several controlling factors on mass transport, including the volume occupied by the free-phase gas, the volume occupied by the absorbed phase gas, the coal mechanical deformation induced pore volume change, and the sorption induced coal pore volume change. The second and third terms on the left side of Equations (14) and (15) represent the convection induced mass change and CO 2 and CH 4 counter-diffusion induced mass exchange. They are coupled via the convective velocity due to CO 2 injection. Therefore, a set of governing equations coupled coal matrix deformation, gas flow, CH 4 -CO 2 counter-diffusion and gas absorption/desorption processes are developed to define the issue of CO 2 -ECBM and CO 2 geological sequestration.
Boundary and Initial Conditions
For the Navier-type equation (8), the displacement and stress conditions on the boundary are given as
where i ũ and i F are the component of known displacement and stress on the boundary , respectively. j n is the directional cosine of the vector normal to the boundary.
For the gas convection and diffusion equations, if the concentration of injection gas keeps constant, the boundary condition is defined as
where ) ( t C is the specified gas concentration on the boundary. If the injection rate is a constant, the boundary condition should be defined as
Where 0 a is the injection rate.
The above governing equations plus boundary and initial conditions have been solved numerically through Comsol Multiphysics.
Model verify and validity
In this work, a dry coal sample under the triaxial stress state was simulated to verify the validity of our FE model with the experimental data [29] .
Model Description
Because the experimental model is axial symmetry, it can be simplified into 2D model. The experimental sample is characterized as a rectangular geometry, which is 334mm long and 69.50mm in diameter, as shown in Fig. 1 . The mean pore pressure was 4.3MPa. The difference between the annular pressure and the pore pressure was 3.61MPa. CO 2 was injected from the left side and flowed out from the right side. The injection rate is 6.0ml/h. Because this is a coupled coal deformation and binary gas transport, boundary and initial conditions are applied to each model. For the coal deformation model, the left side and bottom boundaries are constrained in horizontal direction and vertical direction, respectively; the overburden stress at the upper side is 7.91MPa, the right side was unconstrained. The coal property parameters are listed in Table 1 . Most of the parameters were chosen from the experimental results [29, 30] . Other parameters are from the other two references [8, 31] . For the binary gas transport model, the coal is saturated initially with CH 4 and the initial pressure is 4.3MPa and the constant injection rate is kept constant. 
History Matching Results and Discussion
The comparison between modeling results and experimental data is shown in Fig. 2 . As shown in Fig.  2(a) , the coal does not start to swell immediately at the onset of CO 2 injection. There are two main reasons for the delay in the strain response, one is because the injected CO 2 had to displace the tubing volume preceding the core, before it reached the core; the other reason is because, initially, the CO 2 injection induced differential swelling could not cause apparent linear strain due to the small injection rate, the replacement process needs some time to show the influence on coal strain. Fig. 2(a) shows that the simulation results match the experimental curve with a mean error of 3.21% only. The successful match between modeling results and experimental data has demonstrated the validity of the FE model. In the following section, the FE model was extended to predict the performance of CO 2 -ECBM technology implementation in field scale.
Field Scale response

Field Scale modeling of Micro Pilot Test
China has completed the first micro-pilot test at an existing well(TL003) in the anthracitic coals of the South Qinshui basin, Shanxi Province in 2003 [32] . A set of reservoir parameters was obtained from the micro-pilot test. At the second stage of injection strategy, a multi well pilot of five spots pattern at the site was designed. In this simulation, a FE model was built to simulation the performance of multi well CO 2 -ECBM micro pilot test in Qinshui Basin to better understanding the binary gas interactions on a field scale. According to the design, the model geometry of 300m by 300m is shown in Fig. 3(b) , the well IW located at the centre represents the CO 2 injection well TL003, as shown in Fig. 3(a) , and the other four wells PW-1, PW-2, PW-3, PW-4 at each corner are the natural gas production wells. Both injection well and production wells are 0.1m length in diameter. For the coal deformation model, all four sides are confined in the normal direction. The production and injection wells are unconfined. For the binary gas transport model, the coal is saturated initially with CH 4 and the initial pressure is 1.25MPa.The Neumann boundary conditions are specified at the four production wells. CO 2 injection rate is 22653m 3 /d. Input parameters for this simulation are specified according to field test data [32] . Because the five spots well model is symmetry, the lower left square of the model was selected as the simulation area in Fig. 3(b) , in which the production well (PW-3) is located at the lower left corner, and the injection well (IW) is located at the top right corner. Ten years of CO 2 injection was simulated.
(a)Configuration of the multi-well pilot.in Qinshui Basin [32] (b) FE model of CO 2 -ECBM Micro-pilot test in Qinshui Basin Fig. 4 shows volumetric strain change of coal seam with CO 2 injection at 10 days, 100day, 1year and 10 years separately. Fig. 5 shows the evolution of coal permeability in response to CO 2 injection.
Simulation Results and Discussion
1) Coal deformation and Coal Permeability:
After injecting for 10 days volume strain of coal starts increasing around injection wellbore as shown in Fig. 4 .due to CO 2 adsorption induced swelling. Permeability ratio(i.e. defined as k/k 0 ) within the injection well bore reducing to 0.88 are shown in Fig.5(a) . While around the production wellbore, the coal permeability elevating accompanies CH 4 released from the coal. CH 4 desorption induced coal shrinkage dramatically reduces volumetric strain. The timing of this reversal process over the whole field is ultimately conditioned by differential swelling of coal caused by competitive adsorption/desorption of binary gas. Fig.5(d) shows that the coal reservoir has reached the steady state with ten yeas of injection. The final permeability of coal seam is less than the initial one to some degree, which could hurdle CO 2 injectivity of ECBM field work. 2) CO 2 Storage and methane production: According to integral calculation, accumulative CO 2 injection volume increases dramatically rapidly in the initial 2 years which is shown in Fig. 6 . CO 2 breakthrough (i.e., defined as 10% CO 2 by volume in the production gas stream) occurred at PW-3 approximately 3.89 years after CO 2 injection. The total accumulative CO 2 injection is 1.75×10 4 t within 10 year in this simulation. 97.4%~98.0% of CO 2 are stored in the adsorption state. It is found from that significant enhancement in the CBM recovery was predicted after 180 days of CO 2 injection at all production wells. Enhancement factors ranging from 1.04 to 2.18 were seen from Fig. 7 ; the mean enhancement factor is 1.44. 
Conclusions
This paper presented a fully coupled coal deformation, gas flow, CH 4 -CO 2 counter diffusion and gas absorption/desorption finite element (FE) model, which had a significant importance for achieving a better understanding of the field process during CO 2 -ECBM recovery and investigating the influence of coal-gas interactions on coal reservoir property, gas counter diffusion and transport parameters. A dry coal sample under the triaxial stress state was simulated and the simulation results successfully matched the experimental data, demonstrated the validity of the FE model. The established COMSOL FE simulator was extended to predict the performance of the designed multi well CO 2 -ECBM implementation in-situ conditions of Qinshui Basin. The following conclusions can be drawn from the study:
(i) Net change of coal permeability accompanying binary gas dispersion is controlled competitively by the influence of effective stresses and differential swelling of coal.
(ii) 1.75×10 4 t CO 2 can be sequestrated in 300×300 m 2 area of Qinshui Basin within 10 years. During this simulation, coalbed methane recovery can be promoted by 1.44 times. Prediction of performance indicates that significant enhancement of CBM production while simultaneously storing the CO 2 in anthracite coal is feasible in Qinshui basin.
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